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Conclusions 

Our early data and other studies [7] [8] [9] provided genetic evidence that El A's 
interaction with the p300/CBP proteins were critical for chemosensitivity. However, 
subsequent results demonstrate it is highly unlikely that El A's interaction with p300/CBP 
is the relevant cellular target that promotes chemosensitivity. In fact, El A's interaction 
with p400, presumably to disrupt the normal function of the p400/TRRAP complex, is 
required for stabilizing p53 and enhancing chemosensitivity. Furthermore, this function 
of El A is a "myc-like" function as ectopic c-myc can restore chemosensitivity to an El A 
mutant unable to bind p400. Future studies will be aimed at further deciphering the 
nature of this function of El A. 

We show that amino acids eleven to 143 are sufficient to confer chemosensitivity 
in normal cells. Furthermore, we have shown that two separable functions of El A are 
necessary to enhance chemosensitivity. Future experiments will determine whether these 
two functions are sufficient or whether additional functions within El A are required to 
enhance chemosensitivity. Additional experiments will define the minimal domain of 
El A required to selectively kill Rb-deficient cells. Based on the outcomes of these 
experiments we envision developing small peptide sequences that mimic the N-terminal 
functions of El A. This may determine whether small molecules can be envisioned to 
work in conjunction with conventional chemotheraputic treatments to improve the 
successful treatment of breast cancer. 
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Introduction 

The primary objective of this project is to develop strategies to specifically kill 
breast cancer cells with mutations either specifically in the retinoblastoma tumor 
suppressor gene product Rb, or more generally within the Rb-pathway. This strategy is 
being developed based on our previous results that examined chemosensitivity in a highly 
defined system using the adenoviral oncoprotein El A. El A sensitizes primary cells to 
the induction of apoptosis by diverse stimuli, including many agents used in cancer 
therapy. 

We examined how El A promotes chemosensitivity by expressing El A or a series 
of El A mutants in primary human and mouse fibroblasts using high-titer recombinant 
retroviral vectors. Hence, El A was studied in genetically-normal cells outside the 
context of adenovirus infection. Using this approach, we genetically defined two distinct 
El A activities that act in concert to promote chemosensitivity, and prove that one of these 
functions is to inactivate the retinoblastoma gene product. Since breast cancer cells 
frequently have either Rb mutations, or more generally within the Rb-pathway, an El A 
mutant unable to inactivate Rb may selectively enhance chemosensitivity in breast cancer 
cells while remaining defective in normal cells. Last year I reported that the ability of 
El A to bind the p300/CBP transcriptional co-activators and block p300 histone acetyl- 
transferase (HAT) activity is not required for El A to confer chemosensitivity or stabilize 
p53. Elucidating the cellular proteins targeted by El A to promote apoptosis may reveal 
cellular pathways that are good targets for small molecule drugs to enhance the efficacy 
of chemotheraputic drugs in treating breast cancer. 



Body of Annual Report 

The objectives outlined in my original research proposal consisted of four specific 
aims designed primarily to elucidate the mechanism of El A-mediated chemosensitivity. 
Two of these aims were designed to determine whether El A mutants could selectively 
mediate chemosensitivity in various knockout primary cells and in breast tumor cell lines. 
The final aim was to use this knowledge to selectively enhance chemosensitivity in tumor 
cells. The focus of my research has since evolved to identify the mechanism by which 
El A promotes apoptosis by continuing an extensive structure/function mutational 
analysis. By discovering the relevant cellular protein targets and the pathways these 
targets modulate it may be conceivable to develop small molecule drugs that selectively 
enhance chemosensitivity in breast cancer. 

The regions within El A required for chemosensitivity mapped between amino 
acids 15 to 60 and 122 to 140. Furthermore, at least two separable functions within these 
N-terminal regions are required for El A to mediate chemosensitivity. One function is to 
inactivate of the Rb tumor suppressor gene product ([1], see Appendices). Contrary to 
what was previously thought, the ability of El A to bind p300/CBP or to block p300 HAT 
activity is not required for El A to confer chemosensitivity. Thus, the cellular target(s) of 
the N-terminal region of El A remained to be determined. Two possible candidates are 
p400 and the transformation/transcription domain associated protein (TRRAP). p400 
was originally characterized by immunoprecipitation as a doublet [2]. The lower 
molecular weight band has since been shown to be TRRAP (David Livingston, personal 
communication and unpublished results). TRRAP has been shown to be an essential 
cofactor for c-myc and E2F-1 transformation. Furthermore, anti-sense TRRAP mRNA 
can block transformation by El A and ras [3].  Additionally, p400 and TRRAP form a 
complex targeted by El A to promote transformation (Miriam Fuchs, personal 
communication and unpublished result). I collaborated with Miriam Fuchs in David 
Livingston's lab to test whether the ability of El A to target the p400/TRRAP complex 
correlates with the ability of El A to confer chemosensitivity. 

The regions of El A that are required to bind p400 were determined in U-2 OS 
cells and normal diploid fibroblasts (IMR90s). U-2 OS cells were transiently transfected 
with proretroviral plasmids. IMR90s were retrovirally infected with various El A 
constructs and selected to remove uninfected cells. Cells were collected for 
immunoprecipitation analysis. Lysates were normalized for equal amounts of protein by 
Bradford analysis. El A vectors were expressed at similar levels (Figure 1, bottom). 
Immunoprecipitates were examined by immunoblot for p400 (Figure 1, top). Of note, the 
antibody cross-reacts with p300 (lower bands, Figure 1 top) and p400 (upper bands, 
Figure 1 top). An antibody that immunoprecipitates p400 serves as a positive control 
(Figure 1 top, lanes 2). In contrast ccp300 antibodies immunoprecipitate p300 but not 
p400 (lanes 3). ocTAg serves as another control for specificity as U-2 OS and IMR90s do 
not express TAg (lanes 4). aEl A co-immunoprecipitates p400 and p300 in cells 
expressing E1A (lanes 5) while cells expressing empty vector do not (lanes 1). El A 
mutants fell into four classes: unable to bind p400 and p300 (AN1, lanes 6), able to bind 

1 Deletes amino acids 2 to 36, fails to bind p300, binds Rb, and defective in apoptosis, previously 
described. 



p400 but not p300 (RG22, lanes 7), able to bind p300 but not p400 (A26-353, lanes 8), 
and able to bind p400 and p300 (ACR24, lanes 9). Significantly the ability of El A to 
bind to p400 correlates with the ability of El A to promote apoptosis as mutants that 
failed to bind p400 failed to promote apoptosis and mutants that retain binding to p400 
promote apoptosis5. Furthermore, an extended analysis of El A mutants for binding to 
cellular proteins revealed that the N-terminal regions of El A required to bind p400 were 
inseparable from those required to promote apoptosis (summarized in Figures 2 and 3). 
Therefore, it is likely that the p400/TRRAP complex is the cellular target of the El A N- 
terminal region required to promote chemosensitivity and stabilize p53. How El A 
modulates p400/TRRAP activity to promote apoptosis remains to be determined. 
However, p400 fragments that disrupt the p400/TRRAP complex can rescue the 
transformation defect of El A A26-35 (Miriam Fuchs, personal communication). Thus, it 
is likely that El A disrupts normal function of the p400/TRRAP complex to promote 
transformation. I am in the process of testing how p400 fragments can effect El A- 
mediated chemosensitivity. If the function of El A that promotes chemosensitivity is to 
disrupt the normal function of the p400/TRRAP complex, then p400 fragments that 
disrupt the p400/TRRAP complex should rescue the apoptotic defects of the El A A26-35 
mutant. Furthermore p400 fragments that bind El A but unable to bind TRRAP should 
block the ability of El A to both bind this complex and promote chemosensitivity. 
Experiments to test both of these hypothesis are underway. 

El A promotes apoptosis and p53 potentiates El A function. El A-mediated 
apoptosis requires both Rb inactivation and binding to p400/TRRAP. c-myc also binds 
TRRAP and promotes p53-dependent apoptosis [3,4]. Furthermore, both c-myc and 
El A signaling to p53 require ARF [5, 6]. However, the ability of c-myc to confer 
chemosensitivity in normal cells is not as great as El A (Figure 4, lefi). One possible 
explanation is that c-myc does not inactivate Rb. Another possibility is that El A 
possesses additional functions that enhance chemosensitivity. Nevertheless, the ability of 
c-myc to induce p53 and promote chemosensitivity is dependent on c-myc levels as 
"weak" c-myc retroviral vectors (those without a Kozak signal) express c-myc poorly 
(Figure 4, right) and do not induce p53 or chemosensitivity (Figure 4, lefi). In contrast, 
"strong" c-myc retroviral vectors express c-myc, induce p53 and have some ability to 
promote chemosensitivity (Figure 4). Thus, El A and c-myc share the common 
characteristics of targeting p400/TRRAP, promoting apoptosis, and increasing p53 
stability. 

Since El A and c-myc both target the p400/TRRAP complex and promote 
apoptosis, I tested whether c-myc could specifically synergize with an El A mutant 
unable to bind p400. IMR90s and primary mouse embryo fibroblasts (MEFs) were 
assayed for chemosensitivity and p53 levels after being retrovirally transduced with 
either: empty vector, El A, El A A26-35, c-myc, or both El A A26-35 and c-myc. Cells 
co-expressing El A A26-35 and c-myc synergize to induce apoptosis and p53 at similar 

2 Arginine to glycine at amino acid 2, fails to bind p300, binds Rb, and promotes apoptosis, previously 
described. 
3 Deletes amino acids 26 to 35, binds p300, binds Rb, defective in apoptosis, previously described. 
4 Deletes amino acids 122 to 140, binds p300, fails to bind Rb, defective in apoptosis in wild type but not 
Rb-/- cells, previously described. 
5 Rb binding is also required for apoptosis 



levels to full length El A {Figure 5). In contrast, cells expressing only El A D26-35 or c- 
myc remain unable to induce p53 or chemosensitivity. Synergy was specific as cells 
expressing El A ACR2 (binds p400 but not Rb) and c-myc remain unable to induce p53 
and apoptosis (data not shown). This data suggests that El A and c-myc promote 
apoptosis through a common mechanism by targeting the p400/TRRAP complex. Thus, 
the N-terminal function of El A required for apoptosis can be thought of as a "myc-like" 
function. Future studies will be aimed at further deciphering the nature of this function of 
E1A. 



Key Accomplishments 

El A signaling to p53 involves the pl9ARF tumor suppressor 
Inactivating Rb is required for El A-mediated chemosensitivity 
An El A mutant unable to interact with Rb and full length El A confers similar levels 
of chemosensitivity in breast and other cancer cell lines. 
The ability of El A to confer chemosensitivity does not correlate with the ability of 
El A to interact with p300/CBP or to block p300 HAT activity 
The first 143 amino acids of El A are sufficient to confer chemosensitivity 
A refined mutational analysis of El A shows that the regions within El A that are 
required for chemosensitivity are between amino acids 15 to 60 and 122 to 140. 
El A-mediated apoptosis and stabilizing p53 correlate with the ability of El A to bind 
p400 and map between amino acids 15 to 48 of E1A. 
c-myc can rescue the El A A26-35 defect, thus the N-terminal function of El A is a 
"myc-like" function. 
Chemosensitivity correlates with elevated p53 protein levels 



ZUOV VI.3» 

SC-93V VI-3» 

SOU Vt3*> 

NV VI-310 

VI-3 

Vl>3 

VI-3 

jopaA 

o 
E 
+•» 
to 

o 
ü 

2 
3 
O) 
U. 

Vt3*> 

OOCd» 

Vl.3» 

(0 
O 
CM 

ll 
I 

S 

j 41 

• A 

I 

O 
O) 
Di 

(0 
o 
CM • 

o 
00 

CO 
Q. 
o o 
Q. 
Ö 

w 
.. t 

.12 §. 
oo S> 

'S s Q. o 
O > 
Q.2 
<S 



(0 
u. 
UJ 

CO 
IO 
Q 

.CO 

"35 
o 
Q 
o 
Q 
TO 

+    I     I    +   + "O  "O "O 
S   C    "     C   +    -H   +   + 

ID o 

tN 
<D 

3 
Ö) 

iZ 

CO 
m 
Q 

Q 
O 
Q 
TO 

^S o^ 
O 
o 
Q 

•Q 
a: 
o 
© 
CO 
Q 

+     I     I    +   +   +   +1    I I   "{2   -H   +   +    +    +    + 

S^-^r S iß oo coco© as ooio S o § 

+    I   +   +  +   +    l    l   I   + "§  +  ++   +   +   +, 

+ +   i  + + iii+   ! c + ++ Jii 

+   i+    i    i    i    i   I  +  -H"2+I+II++T 

lllllllllllllll 

< Z Ö wr loo*» £ «> o> » £ £ 
T= <j tL O T T *? *? *? *? «o S *? °? 3- 
Ul          ü   AHN   NNW« »IU *" ° .A 

< < < < » 

o 

CM 
< 



O I 
H 

ui 

CO 

3 
O) 
iZ 

o 

I 

CO O A    o 
-*" O t*     © 
«M n ""   ^t 
< °- a- 
UJ 

-ffl 
coo 

3 

*     5|     51 

t^+ 
OJ 

UJ 

o 

51 

CO 

3 

10 
<? 

51 

<x> 

5! 51 

(so6HI/\ll) sjsojdode eA^eiey 



(MB9M) DAUJ-0 

(ßUOJJS) DÄIU-O 

JOJOBA 

to 
a 

ü 

E 
Ö i o 

Ö 

»—s O) 
.* c 
(0 o o V. 

£ (0 

5 £ 
o E a> T > o 

o 
>i 

E • u 
< 

UJ 

•q 
o 

3 
ü 

E 
(0 

•c 
•D 
< 

AinqBJA % 



o 

LU 

c 
Ü 

E 
CO E 

CO 

CO 
•c 

CO 

E F 
2 O) 

CM CM 
Ö CO_ 
O 
CO 

or UJ 1 5 
• • 

i 

o 
i 

O 
1                            1 

o              o 
o CO <o               "sr 
T— 

s;so)dode % 

o 
CM 

CO 
to a. 
8 

2» 
3 
O) 



Figure 1: Top. Immunoprecipitations and immunoblots to look at El A interaction with 
p400 in U-2 OS and IMR90s. Most antibodies were obtained through collaboration with 
Miriam Fuchs in David Livingston's lab. El A requires amino acids twenty-six to thirty- 
five to bind p400. U-2 OS were transfected with 10 fxg of construct using Fugene 6 
(Roche). 48 hours after transfection, cells were collected for IP-Western. IMR90s were 
infected three times with retrovirus constructs, selected for 24 hours (puromycin 2.0 
ug/ml), media was changed overnight, and cells were collected for immunoprecipitation 
analysis. The antibodies used in immunoprecipitations are: ap400=PO212 (Livingston), 
ap300=NMl 1 (Moran/CSHL), ocTAg=PAb416 (CSHL), and ccEl A=M73 
(Harlow/CSHL). The antibody used for immunoblotting p400/p300 is RW144 
(Livingston). Bottom. All constructs were expressed equally by immunoblot. The 
antibody used for immunoblotting El A is sc430 (Santa Cruz). 

Figure 2: Refined mutational analysis of the N-terminal region of E1A. A schematic 
diagram of El A N-terminal mutants is shown on the left. All mutants have previously 
been described and are either point or deletion mutants within the El A. All El A mutants 
were subcloned into retro viral vectors and sequenced through the ORF. The ability of 
El A to bind to cellular proteins was mapped by co-immunoprecipitation analysis for 
p3006, RB, and p400. For the ability to bind to a given cellular protein: + equal binding, 
- is no detectable binding, ± indicates some binding, nd is not determined, and symbols in 
parenthesis indicate predicted results. The ability of a given mutant to induce apoptosis 
in either IMR90s or MEFs after adriamycin treatment (24 hours at 0.5 ug/ml) is indicated 
as percentage relative apoptosis compared to full length El A. The ability of a given 
mutant to stabilize p53 is indicated as a + for p53 levels similar to full length El A, + for 
p53 levels greater than cells infected with empty vector but less than full length El A, - 
for p53 levels similar to cells expressing empty vector, and nd for not determined. 

Figure 3: Schematic diagrams indicating the regions of El A required to bind various 
cellular proteins and relative apoptosis of various El A mutants. Mutations in regions that 
are required for either p400 or Rb binding result in an inability to promote apoptosis 
Top. Schematic diagram illustrating the regions of El A required for binding to various 
cellular proteins. Bottom. Graph showing relative apoptosis of IMR90s expressing 
various El A mutants relative to full length El A after adriamycin treatment. Note that the 
X-axis indicates the primary sequence of full length El A (243 amino acids) and is 
aligned relative to the diagram above. Absolute levels of apoptosis of El A expressing 
cells after 0.5 ug/ml adriamycin treatment for 24 hours is 84.3% +/- 7.6% (all trials 
pooled). The relative apoptosis of every El A mutant was compared to full length El A 
by assuming 100% apoptosis for full length El A. The number of trials for each mutant is 
to the right of each mutant. A given mutant was normalized to full length El A in the 
same trials (e.g. Consider the RG2 mutant. All of the data (all mutants) comes from a 
total of 16 different trials, but the RG2 mutant was assayed in 6 trials. In normalizing the 
RG2 mutant to El A, the only values for El A that were used in normalizing were the 6 
trials where El A and RG2 are directly compared). 

6 Also mapped binding for CBP, correlates with p300 binding in all cases. 



Figure 4: Left. Cellular viability assay of IMR90s after retroviral infection of either 
empty vector, c-myc (weak i.e. no Kozak signal), c-myc (strong), or El A. Cells were 
treated for 24 hours with the indicated dosage of adriamycin on the x-axis. Cellular 
viability is represented on the y-axis. Cellular viability was assessed by trypan blue 
exclusion. Data represents at least three independent experiments. Cells expressing c- 
myc vectors do not induce apoptosis as efficiently as those expressing full length El A. c- 
myc induced apoptosis depends on c-myc levels. Right. ImmunoblotofIMR90s 
expressing empty vector of given c-myc construct, c-myc vectors without a Kozak signal 
fail to stabilze p53 and have little to no increased c-myc expression relative to cells 
expressing empty vector. Retroviral vectors that express higher levels of c-myc stabilize 
p53. The antibodies used for p53 and c-myc were CM1 and N-262 (Santa Cruz), 
respectively. 

Figure 5: Top. Cellular viability assay of IMR90s (blue) and MEFs (red) after retroviral 
infection of either empty vector, El A, E1A A26-35, c-myc, or E1A A26-35 and c-myc. 
Cells were treated for 24 hours with 0.2 ug/ml of adriamycin.   Percent apoptosis is 
represented on the y-axis. Apoptosis was assessed by trypan blue exclusion. Data 
represents at least three independent experiments. Cells expressing both El A A26-35 and 
c-myc undergo apoptosis at levels similar to full length El A. In contrast, cells expressing 
either El A A26-35 or c-myc remain largely viable. Bottom. Immunoblot for p53 levels 
in IMR90s or MEFs expressing various constructs. Cells expressing full length El A or 
both El A D26-35 and c-myc showed elevated p53 levels. In contrast, cells expressing 
either El A D26-35 or c-myc alone had little induction of p53. The antibodies used for 
human and murine p53 were CM1 and CM5, respectively. 
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The adenovirus El A oncogene activates p53 through a signaling pathway involving the retinoblastoma protein 
and the tumor suppressor pl9ARF. The ability of El A to induce p53 and its transcriptional targets is severely 
compromised in AJRF-null cells, which remain resistant to apoptosis following serum depletion or adriamycin 
treatment. Reintroduction of pl9ARF restores p53 accumulation and resensitizes ARF-null cells to apoptotic 
signals. Therefore, pl9ARF functions as part of a p53-dependent failsafe mechanism to counter uncontrolled 
proliferation. Synergistic effects between the pl9ARF and DNA damage pathways in inducing p53 may 
contribute to ElA's ability to enhance radio- and chemosensitivity. 
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Tumor-specific mutations identify genes essential for 
normal growth control and reveal fundamental processes 
involved in tumorigenesis. Similarly, viral oncoproteins 
target cellular proteins critical for malignant transforma- 
tion—often the same activities altered by spontaneous 
mutation in cancer cells. For example, many DNA tu- 
mor viruses encode proteins that bind and inactivate 
both p53 and the retinoblastoma (Rb) protein, and inac- 
tivation of both is essential for viral transformation 
(Lane and Crawford 1979; Linzer and Levine 1979; De- 
Caprio et al. 1988; Whyte et al. 1988a; Dyson et al. 1989; 
Wetness et al. 1990). Consistent with the relevance of 
these interactions, p53 and Rb are frequently mutated in 
human tumors (for review, see Greenblatt et al. 1994; 
Weinberg 1995). 

Although the high frequency of p53 mutations in hu- 
man cancer implies a central role for p53 in tumorigen- 
esis, the signals that trigger p53 in suppressing tumor 
growth remain poorly defined. p53 is a sequence-specific 
DNA-binding protein that promotes cell-cycle arrest or 
apoptosis in response to a variety of cellular stresses (for 
examples, see Kastan et al. 1991; Graeber et al. 1994; 
Linke et al. 1996; for review, see Ko and Prives 1996; 
Levine 1997). For example, p53 levels and activity in- 
crease following DNA damage owing, in part, to de novo 
phosphorylation and the accompanying conformational 
changes (Shieh et al. 1997; Siliciano et al. 1997). Phos- 

5CoiTesponding author. 
E-MAIL lowe@cshl.org; FAX (516) 367-8454. 

phorylation at serine-15 prevents p53's interaction with 
Mdm2 (Shieh et al. 1997), a protein that can down-regu- 
late p53 via ubiquitin-mediated proteolysis (Haupt et al. 
1997; Kubbutat et al. 1997). In principle, failure of p53 to 
suppress proliferation following DNA damage might in- 
directly promote tumor development by allowing the 
growth and survival of cells with mutations (Livingstone 
et al. 1992; Yin et al. 1992; Griffiths et al. 1997), but 
whether this provides the primary driving force for p53 
mutation in tumors is unclear. 

Oncogenes can also induce p53, leading to increased 
apoptosis or premature senescence (Lowe and Ruley 
1993; Hermeking and Eick 1994; Wagner et al. 1994; Ser- 
rano et al. 1997). For example, the adenovirus E1A on- 
cogene induces p53 and promotes apoptosis in primary 
cells (Debbas and White 1993; Lowe and Ruley 1993; 
Querido et al. 1997; Samuelson and Lowe 1997), which is 
reflected by ElA's remarkable ability to enhance radio- 
and chemosensitivity (Lowe et al. 1993). Although E1A 
is a mitogenic oncogene, p53 acts to limit its oncogenic 
potential. Thus, p53-deficient primary fibroblasts ex- 
pressing El A are resistant to apoptosis and become on- 
cogenically transformed (Lowe et al. 1994b). Two E1A 
domains act in concert to promote p53 accumulation 
and apoptosis in primary cells; the first inactivates Rb, 
whereas the second binds the p300/CBP transcriptional 
coactivators (Samuelson and Lowe 1997). Interestingly, 
the integrity of both domains is required for ElA's on- 
cogenic potential (Whyte et al. 1988b, 1989). The ability 
of El A to activate p53 is not unique, as c-Myc activates 
p53 to promote apoptosis (Hermeking and Eick 1994; 
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Wagner et al. 1994) and oncogenic ras induces p53 lead- 
ing to premature senescence (Serrano et al. 1997). How 
oncogenic signals activate p53 is not known, although it 
is conceivable that they induce p53 by inadvertently 
damaging DNA. Nevertheless, the general involvement 
of p53 in the cellular response to oncogenes raises the 
possibility that these stimuli are fundamental to p53's 
tumor suppressor activity. 

The INK4a/ARF locus is second only to p53 in the 
frequency of its disruption in human cancer (for re- 
view, see Haber 1997). This locus encodes pl6INK4a, 
a cyclin-dependent kinase inhibitor (CDKI) that acts 
upstream of Rb to promote cell-cycle arrest (Serrano 
et al. 1993). Although compelling evidence indicates 
that pl6INK4a is an important tumor suppressor, the 
INK4a/ARF locus encodes a second protein translated 
in an alternate reading frame, designated pl9ARF (Quelle 
et al.~1995). pl9ARF and pl6INK4a are often codeleted 
in tumor cells, but mice lacking pl9ARF alone are highly 
cancer prone (Kamijo et al. 1997; for review, see Haber 
1997). pl9ARF promotes cell-cycle arrest (Quelle et 
al. 1995), whereas -A7?F-null primary mouse embryo 
fibroblasts (MEFs) do not undergo replicative senes- 
cence and are transformed by oncogenic ras alone (Ka- 
mijo et al. 1997). Thus, ARF is a bona fide tumor sup- 
pressor. 

pjgARF may function in a genetic and biochemical 
pathway that involves p53. At the organismal level, the 
consequences of deleting p53 and ARF are remarkably 
similar (Donehower et al. 1992; Kamijo et al. 1997). In 
either case, the mutant mouse develops normally but is 
highly predisposed to malignant tumors of a similar 
overall pattern and latency. At the cellular level, en- 
forced expression of pl9ARF can induce cell-cycle arrest 
in cells harboring wild-type but not mutant p53 (Kamijo 
et al. 1997). In turn, pl9ARF can physically associate with 
p53 itself and/or Mdm2 to alter p53 levels and activity 
(Kamijo et al. 1998; Pomerantz et al. 1998; Zhang et al. 
1998). Nevertheless, ARF is not required for the p53 re- 
sponse following DNA damage, as radiation induces G, 
arrest in A/?F-deficient fibroblasts and apoptosis in ARF- 
deficient thymocytes (Kamijo et al. 1997, 1998). Thus, an 
understanding of the signals that activate pl9ARF may 
help to explain its role as a tumor suppressor as well as 
that of p53. 

In this study we compared the mechanism whereby 
DNA damaging agents and the El A oncogene activate 
p53. We demonstrate that El A activates p53 through a 
fundamentally different mechanism than DNA damage, 
which is dependent on the presence of pl9ARF. Further- 
more, simultaneous activation of p53 through oncogenes 
and DNA damage synergize to promote apoptosis and 
thereby enhance radio- and chemosensitivity. These data 
imply that pl9ARF acts to suppress tumor growth in re- 
sponse to hyperproliferative signals. Conversely, as 
pl9ARF mediates activation of p53 by an oncogene and is 
frequently lost in human tumors, these data strongly 
support the view that p53's tumor suppressor activity 
can arise from its ability to eliminate oncogene-express- 
ing cells. 

Results 

El A and DNA damage induce p53 through distinct 
mechanisms 

The E1A oncogene induces p53 through a mechanism 
involving inactivation of Rb gene product, and up-regu- 
lation of p53 correlates with the ability of E1A to pro- 
mote apoptosis (Lowe and Ruley 1993; Lowe et al. 1994b; 
Samuelson and Lowe 1997). DNA damage produced by 
radiation and certain cytotoxic drugs also activates p53, 
at least in part, through a kinase that phosphorylates p53 
on serine-15 (Shieh et al. 1997; Siliciano et al. 1997). To 
determine whether DNA damage and E1A induce p53 
through similar mechanisms, we examined the phos- 
phorylation status of p53 on serine-15 in cells expressing 
or lacking El A. El A was introduced into normal diploid 
human fibroblasts (IMR90 cells) by retroviral-mediated 
gene transfer. After a 3-day drug selection to eliminate 
uninfected cells, p53 levels and phosphorylation status 
were assessed by Western blot analysis using antibodies 
that recognize total p53 or only that fraction phosphory- 
lated on serine-15 (Shieh et al. 1997; Siliciano et al. 
1997). For comparison, IMR90 cells were treated with 
ionizing radiation or with the calpain/proteosome in- 
hibitor LLnL, both of which are also known to stabilize 
p53 (Maki et al. 1996). Total p53 was examined by West- 
ern blotting; alternatively, p53 was immunoprecipitated 
and scored for the presence of serine-15 phosphate using 
antibodies that detect this epitope. 

As expected, ionizing radiation produced a large in- 
crease in p53 protein (Fig. 1A, lane 2) accompanied by 
p53 phosphorylation on serine 15 (Fig. IB, lane 2). LLnL 
also induced p53 but without serine-15 phosphorylation 
(Fig. 1, A, lane 3, and B, lane 1). E1A produced even 
greater increases in p53 levels (Fig. 1A, lane 4) without 
detectable phosphorylation of p53 on serine 15 (Fig. IB, 
lane 3). However, E1A did not inhibit p53 phosphoryla- 
tion on serine-15, as 7-irradiation of cells expressing El A 
produced little, if any, additional increase in p53 protein 
(Fig. 1A, lane 5) but led to a marked increase in anti- 
phosphoserine-15 reactivity (Fig. IB, lane 5). Induction of 
p53 in the absence of serine-15 phosphorylation argues 
that El A does not produce DNA damage indirectly but, 
rather, suggests that E1A and ionizing radiation activate 
p53 through distinct mechanisms. 

El A induces pl9ARF through domains required for p53 
accumulation and apoptosis 

Enforced expression of pl9ARF stabilizes p53 and arrests 
proliferation in a p53-dependent manner, yet ARF is not 
required for radiation-induced cell-cycle arrest or apop- 
tosis (Kamijo et al. 1997; Pomerantz et al. 1998; Zhang et 
al. 1998). The fact that E1A also stabilizes p53 through a 
DNA damage-independent mechanism is consistent 
with the possibility that El A acts through pl9ARF to 
induce p53. El A or various E1A mutants were intro- 
duced into primary MEFs, and pl9ARF expression was 
monitored 3 days later. El A caused a dramatic induction 
of pl9ARF, correlating with p53 accumulation (Fig. 2, A 
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Figure 1. El A induces p53 in the absence of phosphorylation 
on serine-15. IMR90 fibroblasts were infected with control 
(IMR) or isM-expressing (IMR/E1A) retroviruses. Extracts were 
prepared from untreated cells (c), or from cells treated 3 hr ear- 
lier with 7 Gy 7 radiation (-y) or 2 hr earlier with 50 UM LLnL 
(LL). (A) p53 levels were determined by Western blot analysis 
using pAb 1801 and DOl. Equal loading of the gel was con- 
firmed by stripping the blot and reprobing with anti-ß-actin 
antiserum. (B) p53 was immunoprecipitated from extracts cor- 
responding to 100 ug (IMR) or 35 ug (IMR/E1A) total protein 
using pAb 1801, and Western blots were probed with antibodies 
specific for p53 phosphoserine-15 (ap53-P-Ser-15). 

and B, cf. lanes 2 and 1). A similar Increase was also 
observed in Ai?FmRNA expression, indicating that El A 
was affecting ARF transcription or message stability (Fig. 
2B, cf. lanes 2 and 1). As demonstrated previously (Ka- 
mijo et al. 1997), ARF is constitutively upregulated in 
p5T'~ MEFs (Fig. 2B, lane 5), suggesting the presence of 
a negative feedback loop. However, E1A still induced 
pjgARF eXpression jn p53-deficient cells (two- to three- 
fold), implying that p53 is not required for pl9ARF up- 
regulation by E1A (Fig. 2B, lane 6). 

E1A associates with a series of cellular proteins, in- 
cluding Rb, the Rb-related proteins pl07 and pl30, and 
the transcriptional coactivators p300 and CBP (for re- 
view, see Flint and Shenk 1997). ElA mutants unable to 
bind either p300/CBP (E1A AN) or the Rb-family pro- 
teins (ElA ACR2) were impaired in their ability to in- 
duce pl9ARF and p53 (Fig. 2A, lanes 3,4), implying that 
ElA's ability to bind both sets of cellular proteins is re- 
quired for maximal pl9ARF accumulation. In agreement, 
pjgARF proton induction was restored in cells coinfected 
with both El A mutants (data not shown). pl9ARF levels 
were slightly elevated in i?r>deficient MEFs (Fig. 2A, 
lane 5) although this difference was more pronounced in 
later passage MEFs (data not shown; see also Zindy et al. 
1998). Importantly, pl9ARF levels were further increased 
by expression of El A (Fig. 2A, lane 6) or, in contrast to 
normal cells, the E1A ACR2 mutant (Fig. 2A, cf. lanes 4 
and 8). However, pl9ARF was not elevated in pl07- and 
p.Z30-deficient MEFs, nor was it induced by E1A ACR2 

(data not shown). Thus, among the Rb-family proteins 
that bind El A, the recognized ability of E1A to inactivate 
Rb solely contributes to pl9ARF accumulation. These 
data demonstrate that at least two El A functions con- 
tribute to pl9ARF induction: inactivation of Rb and, pos- 
sibly, binding to p300/CBP. Notably, these are the same 
domains of El A that are necessary for its ability to in- 
duce p53 and promote apoptosis (Samuelson and Lowe 
1997). 

ARF promotes p53 accumulation in response to El A 

p53 activation is typically accompanied by increased ex- 
pression of its transcriptional targets, including p21 and 
Mdm2. p21 is a CDKI involved in p53-dependent cell- 
cycle arrest (El Deiry et al. 1993; Harper et al. 1993; 
Xiong et al. 1993). Mdm2 acts in a negative feedback loop 
to down-regulate p53 and is expressed from two promot- 
ers, one of which is regulated by p53 (Barak et al. 1993, 

&*fMf 
pSS 

019**= 

, 1    2   3   * m 5   a   T   8, 
«»äd-type M»£ 

(itS«" a 

ARF 

1SS 

Figure 2. ElA induces pl9ARF and p53 through a similar 
mechanism. (A) Early passage (about three to four) wild-type and 
Rb~'~ MEFs from littermates embryos were infected with ret- 
roviruses expressing full-length ElA or ElA mutants unable to 
bind p300/CBP (AN) or the Rb-related proteins (ACR2). An 
empty retroviral vector was used as a control (vector). Immu- 
noblotting was performed using polyclonal antibodies against 
pl9ARF or p53. Using this procedure, each ElA mutant is effi- 
ciently expressed at comparable levels (Samuelson et al. 1997). 
(B) Wild-type (WT), AflF-null (ARF-'-), and p53-null (p53~'-) 
MEFs were infected with a control vector (V) or a retrovirus 
expressing full-length ElA (E). Lysates were derived from whole 
populations passaged minimally in culture (<1 week) and ana- 
lyzed for ARF protein (top) or mRNA (middle) expression by 
Western or Northern blotting, respectively. Northern blots 
were rehybridized using a probe to the 18S rRNA to confirm 
equal loading [bottom). 
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1994; Wu et al. 1993). To determine whether ARF is 
required for p53 induction by El A, the expression of p53, 
p21, and Mdm2 were examined in wild-type, ARF~'~, 
and p5T'~ MEFs. In wild-type MEFs, El A increased p53 
protein expression, which was accompanied by accumu- 
lation of p21 and several forms of Mdm2 (Fig. 3A, lane 2). 
Induction of p21 and Mdm2 was p53-dependent, as nei- 
ther protein was induced by El A in p5S-deficient cells 
(Fig. 3A, lane 6). Remarkably, expression of equivalent 
levels of El A did not induce p53 in ARF-deficient cells, 
nor affect its targets p21 and Mdm2 (Fig. 3A, lane 4). Of 
note, wild-type and ARF~'~ MEFs infected with a control 
vector displayed similar p53 levels, indicating that 
pjgARF joss jjggg not marke(jiy affect basal p53 expres- 
sion (compare lanes 1 and 3). Therefore, ARF facilitates 
the up-regulation of p53 protein and its associated tran- 
scriptional activity following expression of El A. 

When activated by DNA damage, Mdm2 is induced as 
part of a negative feedback loop that facilitates p53 deg- 
radation. However, wild-type MEFs expressing El A ac- 
cumulate p53 despite a large increase in Mdm2 levels 
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Figure 3. pl9ARF mediates p53 induction by E1A and interferes 
with the p53/Mdm2 interaction. Wild-type (WT), Ai?F-null 
[ARF~'~) and p53-null (p53~'~) cell populations harboring a con- 
trol vector (V) or expressing El A (E) were prepared by retroviral 
gene transfer. Protein expression was analyzed in whole cell 
populations passaged minimally in culture (<1 week). (A) p53 
protein levels along with the levels of its transcriptional targets 
p21 and Mdm2 were determined by immunoblotting. (JS) 
Mdm2/p53 complexes were examined in wild-type and ARF- 
null populations expressing El A by immunoprecipitation with 
monoclonal antibodies directed against p53 (P) or Mdm2 (M), 
followed by immunoblotting with a polyclonal rabbit antibody 
against p53. The blots were then reprobed using the same mono- 
clonal antibody against Mdm2. Note that the p53 blot was over- 
exposed to allow visualization of the amount associated with 
Mdm2. 

(see Fig. 3A, lane 2). We examined the ability of Mdm2 to 
associate with p53 in MEFs expressing E1A by use of 
sequential immunoprecipitation and Western blotting. 
Despite the fact that wild-type MEFs expressing El A dis- 
played an ~10-fold increase in p53 and Mdm2 levels as 
compared to their ARF-deficient counterparts, the abso- 
lute amount of Mdm2 bound to p53 was comparable in 
both cell types (Fig. 3B, cf. p53, lanes 2 and 4). Thus, p53 
associates poorly with Mdm2 in wild-type cells express- 
ing El A. This implies that pl9ARF, either directly or in- 
directly, contributes to p53 accumulation by preventing 
Mdm2-mediated degradation of p53 (Pomerantz et al. 
1998; Zhang et al. 1998). 

Inactivation of ARF attenuates apoptosis 

E1A sensitizes primary fibroblasts to apoptosis induced 
by diverse stimuli, including serum depletion and treat- 
ment with chemotherapeutic drugs. The fact that ARF- 
deficient cells are unable to induce p53 in response to 
El A suggests that ARF~'~ MEFs expressing El A might be 
resistant to apoptosis. Consistent with this possibility, 
the ability of Rb deficiency to trigger apoptosis was at- 
tenuated in developing mouse lenses disrupted for both 
ARF and INK4a (Pomerantz et al. 1998). Therefore, we 
compared the sensitivity of various virus-infected popu- 
lations to cell death following serum withdrawal and 
treatment with adriamycin, a chemotherapeutic drug 
that produces double-stranded DNA breaks (Ross and 
Bradley 1981) and induces p53-dependent apoptosis in 
this setting. Two criteria were used to monitor apopto- 
sis: annexin V staining followed by flow cytometry to 
assay membrane changes, and DAPI staining followed by 
fluorescence microscopy to visualize the characteristic 
chromatin condensation in apoptotic cells. 

Concordant with previous results, wild-type MEFs ex- 
pressing El A lost viability following serum depletion or 
adriamycin treatment, whereas p53~'~ MEFs expressing 
El A did not (Fig. 4A,B). ARF-'- MEFs were significantly 
more resistant to El A-induced apoptotic signals as com- 
pared to their wild-type counterparts but were somewhat 
more sensitive than cells lacking p53. In all cases, cell 
death was due to apoptosis, as measured by annexin V 
binding as well as chromatin condensation (Fig. 4C). Un- 
infected MEFs of all genotypes remained viable follow- 
ing serum depletion or adriamycin treatment at these 
doses, indicating that El A was required for apoptosis un- 
der these conditions (data not shown). Therefore, pl9ARF 

contributes to p53's apoptotic potential in cells express- 
ing El A. However, the fact that p53 loss is more protec- 
tive than ARF loss implies that some apoptotic signals 
address p53 through a pl9ARF-independent pathway. For 
example, adriamycin might also exert some of its effects 
through the DNA damage pathway (see below). 

If ARF loss protects cells from apoptosis in a p53-de- 
pendent manner, a clear prediction is that reintroduction 
of ARF into .EM-expressing cells containing wild-type 
p53 should resensitize them to the effects of serum dep- 
rivation and adriamycin. Conversely, cells lacking p53 
should be unaffected by ARF. Hemagluttinin (HA)- 

GENES & DEVELOPMENT 2437 



de Stanchina et al. 

Figure 4. £7A-expressing cells lacking ARF 
are defective in apoptosis. Wild-type (•), ARF- 
null (A), and p53-null (•) early passage MEFs 
were infected with control retroviruses (not 
shown) or retroviruses expressing E1A. Within 
a week of gene transfer, the resulting cell 
populations were examined for cell death at 
various times following serum depletion (A) or 
24 hr after treatment with the indicated doses 
of adriamycin (B). Cell viability was assessed 
by trypan blue exclusion. Each point repre- 
sents the mean±s.D. from at least three sepa- 
rate experiments. Fibroblasts of all genotypes 
infected with a control vector retained viabil- 
ity (>90%) following serum depletion or adria- 
mycin treatment (data not shown). (Q Wild- 
type (WT), ARF-nuM (ARF-'~) and p53-null 
(p53~'~) MEFs expressing E1A were examined 
for apoptosis 18 hr after transfer to 0.1 % serum 
conditions. Annexin V binds phosphotidylser- 
ine. Apoptotic changes in membrane biochem- 
istry lead to increased concentration of phos- 
photidylserine on the outer plasma membrane, 
where it becomes accessible to annexin V (An- 
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dree et al. 1990). Propidium iodide fluorescently stains late apoptotic cells that have lost membrane integrity. Shown are representative 
dot plots from two-color flow cytometry: (Bottom left quadrant) Viable; (bottom right quadrant) early apoptotic; (top right quadrant) 
late apoptotic. DAPI staining allows visualization of the chromatin condensation characteristic of apoptotic cells. Note that there was 
little apoptosis in £iA-expressing populations in 10% serum nor in vector-only control populations in 0.1% serum (data not shown). 

tagged ARF was introduced by retroviral gene transfer 
into wild-type, ARF~'~, and p53~'~ MEFs expressing El A. 
Cells were infected at high multiplicity to bypass a need 
for drug selection. Exogenous pl9ARF expression caused 
a 5- to 10-fold increase in p53 expression in both wild- 
type and ARF_/~ MEFs expressing El A (Fig. 5 A), consis- 
tent with previous results (Kamijo et al. 1997, 1998). 
isM-expressing wild-type MEFs infected with a control 
vector did not undergo apoptosis in high serum condi- 
tions but upon transfer to low serum conditions, under- 
went similar levels of apoptosis as uninfected ElA-ex- 
pressing MEFs (Fig. 5B). As shown above (see Fig. 4), vec- 
tor-infected cells lacking ARF or p53 were resistant to 
apoptosis when transferred to serum-depleted medium 
(Fig. 5B). Following infection with ARF retrovirus, both 
wild-type and ARF~'~ MEFs expressing El A displayed a 
modest increase in apoptosis when maintained in serum 
and underwent massive apoptosis upon serum depletion. 
Importantly, the same levels of exogenous pl9ARF had 
little effect on p53~'~ MEFs (Fig. 5B). Hence, depending 
upon the growth conditions, pl9ARF can act upstream of 
p53 to induce either cell cycle arrest (Kamijo et al. 1997) 
or apoptosis. The fact that restoration of ARF function 
can resensitize ARF~'~ MEFs to the combined effects of 
El A and low serum provides compelling evidence that 
attenuation of apoptosis in ARF~/~ cells is a direct con- 
sequence of ARF loss and not due to additional genetic 
changes. 

Synergy between pl9ARF-dependent and -independent 
pathways targeting p53 

Because DNA damage and El A can activate p53 through 

WT MRT-I-    pSi-t- 
lac p19 fee p?9 lac p19 

IN « 
i mm 
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Figure 5. Reintroduction of pl9ARF restores apoptosis. Control 
and BiA-expressing populations derived from wild-type (WT), 
ARF-null (ARF-'-) and p53-null (p53-'-) populations were in- 
fected with retroviruses expressing lacZ or an HA-tagged ARF 
cDNA (Quelle et al. 1995). Thirty-six hours later, the resulting 
cell populations were analyzed for p53 and exogenous pl9ARF 

protein expression or treated with apoptotic stimuli. (A) Immu- 
noblotting of infected populations using a monoclonal antibody 
recognizing the HA epitope fused to pl9ARF or a polyclonal an- 
tibody directed against p53. The arrow denotes the migration of 
HA-tagged pl9ARF. (B) The indicated cell populations were 
placed in 10% (shaded bars) or 0.1% (solid bars) serum for 24 hr 
and cell viability was measured by trypan blue exclusion. The 
values represent the mean and S.D. of at least three separate 
infections. 
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ARF-/- p53-/- 

Figure 6. Synergy between pl9ARF-dependent and -indepen- 
dent pathways targeting p53. (A) lacZ (solid symbols)- and HA- 
ARF (open symbols)-expressing cell populations were treated 
with the indicated doses of adriamycin, and cell viability was 
determined 24 hr later by trypan blue exclusion. The cell popu- 
lations were as follows: Wild-type MEFs lacking B1A (squares); 
wild-type MEFs expressing El A (circles); ARF~'~ MEFs express- 
ing El A (triangles). Note that ARF~'- and p53~'- MEFs lacking 
El A, as well as p53-deficient MEFs expressing ElA, remained 
viable in adriamycin whether or not they expressed HA-pl9ARF 

(data not shown). (B) lacZ (V, shaded bars) and HA-pl9ARF (pl9, 
solid bars) expressing cell populations were treated with 7 Gy 
ionizing radiation and cell viability was determined 24 hr later 
by trypan blue exclusion. The values represent the mean and 
S.D. of at least three separate populations. MEFs not expressing 
El A were resistant to apoptosis under these conditions (data not 
shown; see also Lowe et al. 1993). 

distinct mechanisms, they might act synergistically to 
enhance cellular chemo- or radiosensitivity. Consistent 
with this possibility, enforced expression of pl9ARF 

caused a marked increase in apoptosis induced by adria- 
mycin when expressed in either wild-type or ARF~'~ 
MEFs expressing ElA (Fig. 6A). Similar results were ob- 
tained following treatment of the cells with ionizing ra- 
diation (Fig. 6B). Importantly, the enhanced chemosen- 
sitivity produced by enforced pl9ARF expression required 
both ElA and a cytotoxic insult. Hence, wild-type MEFs 
lacking ElA did not undergo apoptosis following adria- 
mycin treatment and remained insensitive to low doses 
of the drug upon enforced expression of pl9ARF (Fig. 6A, 
squares). ARF~'~ cells expressing ElA were relatively re- 
sistant to drug-induced apoptosis (see also Fig. 4) but 
were resensitized when ARF was reintroduced (Fig. 6A, 
triangles). Importantly, introduction of ARF into wild- 
type cells expressing ElA also enhanced apoptosis in re- 
sponse to low doses of adriamycin (Fig. 6A, circles) or 
ionizing radiation (Fig. 6B), demonstrating that activa- 

tion of the ARF-p53 pathway promotes both chemo- and 
radiosensitivity in the face of an oncogenic signal. 

Discussion 

Oncogenic signaling through the ARF-p53 pathway 

A variety of cellular stresses activate p53, including 
DNA damage, hypoxia, and expression of mitogenic on- 
cogenes (for review, see Ko and Prives 1996; Levine 
1997). Following DNA damage, p53 becomes phosphory- 
lated by kinases such as DNA-PK or ATM, leading to 
changes in p53 conformation and activity. In contrast, 
the ElA oncogene activates p53 through a fundamen- 
tally different mechanism, mediated largely by the tu- 
mor suppressor pl9ARF. Importantly, the DNA damage 
and ElA signaling pathways act in parallel: ElA does not 
produce p53 phosphorylation at serine-15 and DNA 
damage activates p53 independently of pl9ARF (Kamijo 
et al. 1997). Moreover, p53 is phosphorylated on serine- 
15 following irradiation of ARF-deficient cells (data not 
shown). Therefore, these data provide a clear example of 
how p53 integrates upstream signaling pathways ema- 
nating from diverse stimuli (Fig. 7). 

Activation of p53, in turn, can produce several cellular 
responses, including transient cell-cycle arrest, senes- 
cence or apoptosis. Each signaling pathway to p53 may 
produce subtle differences in p53 activity or function, 
and perhaps the diversity achieved by a combination of 

Oncogenes DNA damage 
(e.g. E1A, Myo) (IR, UV. drugs) 

* * 

pigARF 

\  / 
p53 

Kinases 
(e.g. ATM.DNAPK) 

Cell-cycle arrest 
or apoptosis 

Figure 7. Oncogenes and DNA damage activate p53 through 
distinct mechanisms. pl9ARF acts as an intermediary in p53 
activation by mitogenic oncogenes such as ElA and myc. In 
contrast, activation of p53 following DNA damage involves de 
novo phosphorylation of p53 on serine-15 (and other residues) 
by kinases such as the DNA-dependent protein kinase (DNA- 
PK) or the product of the ataxia-telangiectasia gene (ATM) 
(Shieh et al. 1997; Siliciano et al. 1997). Activation of p53 by 
oncogenes does not involve phosphorylation on serine-15, and 
both serine-15 phosphorylation (not shown) and p53 activation 
(Kamijo et al. 1997) following DNA damage are unimpaired in 
the absence of ARF. Therefore, the two upstream signaling path- 
ways to p53 are fundamentally distinct. 
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these signals accounts for the complex biology of p53. 
For example, simultaneous activation of p53 by pl9ARF 

and DNA damage synergize to promote apoptosis in the 
presence of the E1A oncogene (Fig. 6; see also Lowe et al. 
1993; Samuelson and Lowe 1997). If similar processes 
occur in human cancer, therapeutic strategies to exploit 
pl9ARF activation may enhance the radiosensitivity or 
chemosensitivity of p53-expressing tumors. 

Like p53, the outcome of pl9ARF activation is depen- 
dent on cellular context. For example, enforced ARF ex- 
pression in MEFs induces cell cycle arrest, but cells over- 
expressing pl9ARF, together with El A or Myc (Zindy et 
al. 1998), undergo apoptosis, which is potentiated by 
withdrawal of serum survival factors (Evan et al. 1992; 
Lowe and Ruley 1993; Lowe et al. 1994b). ARF-null 
MEFs are resistant to both El A- and Myc-induced apop- 
tosis, bypassing the p53-dependent fail-safe mechanism 
that normally protects them from these oncogenic sig- 
nals, and thereby enabling E1A and Myc to function as 
pure growth promoters. Myc's action as an "immortal- 
izing gene" depends in part on its ability to dismantle 
the ARF-p53 pathway by selecting for surviving cells 
that have lost either gene (Zindy et al. 1998). In turn, 
ARF-null MEFs do not undergo replicative senescence 
and can be transformed by oncogenic ras alone (Kamijo 
et al. 1997). We suspect that ElA's immortalizing activ- 
ity involves similar mechanisms. 

Also like p53, ARF has no overt role in normal cell 
cycle control or development; hence, the physiologic cir- 
cumstances in which it would become activated to in- 
hibit proliferation or suppress tumor growth were not 
obvious. Studies here with El A mutants suggest that 
pjgARF can ke activate(j t0 suppress proliferation by the 
El A oncogene through mechanisms that correlate with 
its binding to both p300/CBP and Rb. These same func- 
tions are required for E1A to induce p53 and to promote 
apoptosis in primary fibroblasts (Samuelson and Lowe 
1997) and, remarkably, are also required for ElA's trans- 
forming potential (Whyte et al. 1988b, 1989). Loss of Rb 
contributes to ARF induction consistent with the possi- 
bility that ARF is an E2F-responsive gene (DeGregori et 
al. 1997). Enforced expression of E2F-1 induces pl9ARF, 
and conversely, ARF-null cells are resistant to E2F-1- 
induced apoptosis (Zindy et al. 1998). Consequently, 
pjgARF funC(-jorii iike p53_ depends upon the muta- 
tional status of Rb, and upon both c-myc and ras proto- 
oncogene activities. Irrespective of the precise out- 
come, ARF mutations compromise p53 activation and 
reduce its ability to counter uncontrolled prolifera- 
tion. 

The data presented here provide additional insights 
into p53's role in tumor suppression. The predominant 
view of p53 action centers around its ability to function 
in the cellular response to DNA damage. Although this 
stimulus is undoubtedly important for p53's tumor sup- 
pressor activity and may contribute to the outcome of 
cancer therapy (Lowe et al. 1993, 1994a), p53 activation 
in response to oncogenes provides an alternative pres- 
sure to mutate p53 during tumorigenesis (Lowe and Ru- 
ley 1993; Lowe et al. 1994b; Symonds et al. 1994). In this 

view, p53 normally acts to limit the consequences of 
uncontrolled mitogenesis by promoting cell-cycle arrest 
or apoptosis, while its loss allows proliferation to con- 
tinue unabated. The fact that disruption of the ARF-p53 
pathway occurs in the majority of human cancers under- 
scores its global importance in suppressing proliferation 
of oncogene-expressing cells. 

Materials and methods 

Cells and cell culture 

IMR90 fibroblasts (early-mid passages) expressed the ecotropic 
retrovirus receptor to allow infection with murine retroviruses 
(Serrano et al. 1997). Primary MEFs derived from wild-type, 
p53-'~ (Jacks et al. 1994), and ARF-'' (Kamijo et al. 1997) day 
13.5 embryos were prepared as described previously (Serrano et 
al. 1997). All cultures were maintained in Dulbecco's modified 
Eagle's medium (DMEM; GIBCO) supplemented with 10% fetal 
bovine serum (FBS; Sigma) and 1% penicillin G/streptomycin 
sulfate (Sigma). To induce DNA damage, cells were either irra- 
diated with 7 Gy ionizing radiation using a J.L. Shepherd Mark 
I irradiator with a 137Cs source or treated with 0.1-0.5 pg/ml 
adriamycin. To induce p53 independently of DNA damage, cells 
were treated for 2 hr with 50 pM LLnL (Sigma). 

Retroviral vectors and infection 

For most experiments, high-titer ecotropic retroviruses were 
generated by transient transfection using the Phoenix retrovirus 
packaging system (G. Nolan, Stanford University, CA) as de- 
scribed previously (Serrano et al. 1997). Virus supernatants were 
used to infect either IMR90 fibroblasts or early-passage MEFs 
(^passage 5), and pure populations of £7A-expressing cells were 
isolated by selection for 2 days in the presence of 2 pg/ml pu- 
romycin. Infection was typically between 70% and 90% of cells 
as judged using a control virus expressing ß-galactosidase (not 
shown). For ectopic expression of pl9ARF, a protocol designed to 
achieve nearly complete infection of cells (Zindy et al. 1998) 
was used. Retroviral vectors were as follows: LPC, control vec- 
tor expressing puromycin phosphotransferase (puro); LPC-12S, a 
12S El A cDNA in LPC (McCurrach et al. 1997); LPC-12S.AN 
and LPC-12S.ACR2, El A mutants that fail to associate with 
p300/CBP or the Rb-related proteins, respectively (Samuelson 
and Lowe 1997). The retroviral vector encoding HA-pl9ARF co- 
expressed a CD8 cell surface marker (Quelle et al. 1995). pBa- 
bePuro-lacZ (a gift of J. Morgenstern, Millenium Pharmaceuti- 
cal, Cambridge, MA) was used to monitor infection efficiencies 
and, in some experiments, as a control vector. 

Gene expression 

Analysis of p53 phosphorylation on serine-15 was performed 
exactly as described (Shieh et al. 1997). p53 levels were deter- 
mined by Western blots using PAbl801 and DOl. p53 immu- 
noprecipitations were performed using pAb 1801 followed by 
immunoblotting with ap53-P-Ser-15 to identify p53 proteins 
phosphorylated on serine-15. Western blots to detect pl9ARF 

were performed using antibodies to the carboxyl terminus as 
described (Kamijo et al. 1998); HA-tagged pl9ARF was detected 
using mAb 12CA5 (1:5000 dilution). All other Western blots 
were carried out as described previously with minor modifica- 
tions (Serrano et al. 1997). Whole-cell lysates were derived by 
lysing cell pellets in SDS sample buffer (60 mM Tris-HCl at pH 
6.8, 10% glycerol, 2% SDS, 5% 2-mercaptoethanol). Samples 
corresponding to 30 pg of protein (Bio-Rad protein assay) were 
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separated on SDS-PAGE gels and transferred to Immobilon-P 
membranes (Millipore). p53 was detected using polyclonal an- 
tibody CM5 (1:8000 dilution) (a gift of Peter Hall, Dundee Uni- 
versity, UK); Mdm2 using mAb 2A10 (provided by G. Zambetti, 
St. Jude Children's Research Hospital); p21 using polyclonal an- 
tibody C-19 (1: 500 dilution) (Santa Cruz), and E1A using mAb 
M58 (Harlow et al. 1985). Proteins were visualized by ECL (Am- 
ersham) and equal sample loading was confirmed by India Ink or 
Ponseau S staining of the membrane. 

For p53/Mdm2 immunoprecipitations, cell pellets were dis- 
rupted in ice-cold NP-40 lysis buffer (50 mM Tris-HCl at pH 8, 
5 mM EDTA, 150 mM NaCl, 0.5% NP-40,1 mM PMSF, 0.4 U/ml 
aprotinin, 10 mM ß-glycerophosphate, 1 mM NaF, 0.1 mM 
NaaVOJ on ice for 1 hr. Cleared lysates were incubated for 2 hr 
at 4°C with two monoclonal antibodies directed against p53 
(pAb 421 and pAb 248) or Mdm2 (2A10), plus 10 mg/ml BSA. 
Complexes precipitated with protein A-Sepharose (Amersham) 
were washed three times with ice-cold NP-40 lysis buffer. Im- 
munoprecipitates were separated on 7.5% SDS-polyacrylamide 
gels and transferred to nitrocellulose. Mdm2 was detected by 
immunoblotting using the same antibody, whereas p53 was de- 
tected with CM5 polyclonal antibody as described above. 

For Northern blots, total RNA was extracted from cells using 
RNAzolB (Cinna/Biotecx) -1 week postinfection and 30 ug was 
loaded per lane. Following agarose gel electrophoresis and trans- 
fer to Hybond membranes (Amersham), blots were hybridized 
with a 3ZP-labeled probe specific for INK4a exon Iß [the portion 
of the INK4a/ARFlocus unique to ARF (Quelle et al. 1995)]. A 
probe specific for 18S rRNA was used to confirm equal loading. 

Cell viability and apoptosis 

Cells were distributed into 12-well plates (105 cells/22-mm 
well) 12-24 hr prior to serum withdrawal, radiation, or drug 
treatment. Adherent and nonadherent cells were pooled 24 hr 
after treatment with 7-radiation, adriamycin, or 0.1% FBS and 
analyzed for viability by trypan blue exclusion; 3=200 cells were 
scored for each point. Apoptotic cell death was confirmed by 
staining with DAPI or FITC-annexin V. Cells (-1 x 105) were 
fixed in 5% paraformaldehyde (Mallinckrodt) and DNA was 
stained with DAPI (1 ug/ml). Images were digitized using a 
fluorescence microscope coupled to a Photometries PXL CCD 
camera (Photometries Ltd.). For annexin staining, cells were 
incubated in DMEM with 0.1% FBS for 18 hr, after which ad- 
herent and nonadherent cells were pooled. Staining with FITC- 
annexin V and PI were performed according to the manufactur- 
er's instructions (BioWhitaker) and the cells were analyzed by 
two-color flow cytometry. 
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ABSTRACT The adenovirus E1A oncoprotein renders 
primary cells sensitive to the induction of apoptosis by diverse 
stimuli, including many anticancer agents. ElA-expressing 
cells accumulate p53 protein, and p53 potentiates drug- 
induced apoptosis. To determine how E1A promotes chemo- 
sensitivity, a series of E1A mutants were introduced into 
primary human and mouse fibroblasts using high-titer re- 
combinant retroviruses, allowing analysis of E1A in geneti- 
cally normal cells outside the context of adenovirus infection. 
Mutations that disrupted apoptosis and chemosensitivity 
separated into two complementation groups, which correlated 
precisely with the ability of E1A to associate with either the 
p300/CBP or retinoblastoma protein families. Furthermore, 
E1A mutants incapable of binding RB, pl07, and pl30 con- 
ferred chemosensitivity to fibroblasts derived from RB- 
deficient mice, but not fibroblasts from mice lacking pl07 or 
pl30. Hence, inactivation of RB, but not pl07 or pl30, is 
required for chemosensitivity induced by E1A. Finally, the 
same E1A functions that promote drug-induced apoptosis also 
induce p53. Together, these data demonstrate that p53 accu- 
mulation and chemosensitivity are linked to ElA's oncogenic 
potential, and identify a strategy to selectively induce apopto- 
sis in RB-deficient tumor cells. 

Despite the widespread use of cytotoxic agents to treat cancer, 
the molecular mechanisms underlying drug sensitivity and 
resistance remain poorly understood. Most anticancer agents 
induce apoptosis, suggesting that tumor-cell chemosensitivity 
is influenced by the efficiency with which anticancer agents 
activate apoptotic programs (1,2). This hypothesis implies that 
responsive tumors must be more susceptible to apoptosis than 
normal tissue, and that resistant tumors are unable to effi- 
ciently engage apoptotic programs. Tumorigenic mutations 
can have different effects on apoptosis. For example, activa- 
tion of the c-myc oncogene enhances apoptosis (3) whereas 
inactivation of the p53 tumor suppressor gene suppresses cell 
death (reviewed in ref. 4). These diverse effects suggest that 
tumor-cell chemosensitivity is determined, in part, by the 
combined effects of oncogenic mutations on apoptosis (1, 5). 

Given the varied impact of oncogenic mutations on apo- 
ptosis, it is difficult to study the molecular determinants of 
chemosensitivity in the unknown genetic background of tumor 
cells. However, cells expressing the adenovirus early region 1A 
(E1A) oncogene provide a simple model for studying cellular 
processes that modulate chemosensitivity. E1A promotes apo- 
ptosis in nontumorigenic cells (6). As a consequence, ElA- 
expressing cells become extremely sensitive to toxic agents and 
readily undergo apoptosis following treatment with anticancer 
agents (1, 7). 

E1A can impinge on a variety of other cellular processes, 
including transcription, differentiation, and tumor necrosis 
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factor cytolysis (reviewed in ref. 8). During adenovirus infec- 
tion, E1A makes quiescent cells permissive for virus replica- 
tion by promoting S phase entry (8). Consequently, E1A has 
oncogenic potential: E1A facilitates the immortalization of 
primary rodent cells and cooperates with viral (e.g., E1B) or 
cellular (e.g., oncogenic ras) genes to transform primary cells 
to a tumorigenic state (9). E1B prevents the apoptosis asso- 
ciated with E1A (6), whereas E1A prevents a senescent-like 
cell cycle arrest provoked by oncogenic Ras (10). Conse- 
quently, these transforming interactions illustrate the compen- 
satory mechanisms normal cells possess to suppress transfor- 
mation (reviewed in ref. 11). 

The E1A gene expresses several alternatively spliced tran- 
scripts, including the 12S and 13S messages encoding 243 
(243R) and 289 (289R) amino acid oncoproteins, respectively 
(reviewed in ref. 12). The 289R protein contains three regions 
that are conserved between different adenovirus serotypes, 
designated conserved regions 1, 2, and 3 (CR1, CR2, CR3). 
CR3 encodes a domain required for transcriptional activation 
of other viral genes and is absent in the 243R protein, whereas 
CR1 and CR2 are present in both E1A proteins and are 
essential for many E1A activities, including oncogenic trans- 
formation (13, 14). 

E1A 243R associates with a series of cellular proteins, 
including the retinoblastoma gene product (RB), the RB- 
related proteins pl07 and pl30, the p300 and CREB binding 
protein (CBP) transcriptional coactivators, cyclin A, and cer- 
tain cyclin-dependent kinases (cdk) (refs. 13 and 14; reviewed 
in refs. 15 and 16). Because most of these interactions also 
require residues in CR1 and CR2, the ability of E1A to disrupt 
the function of these proteins may be crucial for its transform- 
ing activities. For example, E1A associates with RB (14, 17) 
and mutations in either CR1 or CR2 that disrupt this inter- 
action also abolish oncogenicity (13). By binding RB, E1A 
disrupts RB-E2F heterodimers, thereby relieving repression 
and promoting transactivation of S phase genes (reviewed in 
refs. 15 and 16). Mutational inactivation of RB achieves a 
similar effect; consequently, E1A mimics mutational events 
that occur in familial retinoblastoma and many sporadic 
tumors (reviewed in ref. 18). 

In adenovirus-infected cells, E1A expression appears suffi- 
cient for apoptosis (19-21). However, cells tolerate ectopic 
E1A expression but become extremely prone to apoptosis (1, 
7). ElA-expressing cells accumulate p53 protein, and both p53 
and Bax—a pro-apoptotic member of the Bcl-2 family— 
contribute to apoptosis in this setting (1,7,22-25). p53 and Bax 
are inefficient at inducing apoptosis in normal cells lacking 
E1A (7); indeed, p53 functions to promote cell-cycle arrest 
(26). Furthermore, ElA-expressing cells possess a discrete 
factor, absent in normal cells, that is capable of activating the 
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apoptotic machinery in a cell-free system (27). Hence, El A 
enables cells to more efficiently engage the apoptotic machin- 
ery. 

In this study, we examined how E1A promotes p53 accu- 
mulation and chemosensitivity. To this end, we stably ex- 
pressed E1A or a series of El A mutants in primary human and 
mouse fibroblasts using high-titer recombinant retroviral vec- 
tors. Using this approach, we genetically defined multiple E1A 
activities that act in concert to promote p53 accumulation and 
chemosensitivity and demonstrate that one of these functions 
involves inactivation of the RB gene product. 

MATERIALS AND METHODS 

Cells and Cell Culture. Mouse embryonic fibroblasts 
(MEFs) were isolated as described (10). Cells were maintained 
in DMEM (GIBCO) supplemented with 10% fetal bovine 
serum and 1% penicillin-G/streptomycin sulfate (Sigma). 
RB''' MEFs were obtained from T. Jacks (28), pl07-'- and 
pl30~i- MEFs were from N. Dyson (29, 30). IMR90 cells 
overexpressed the murine ecotropic receptor, allowing infec- 
tion with ecotropic retroviruses (10). MEFs were used between 
passages three and six, IMR90 cells between 20-30 population 
doublings. 

E1A Mutants, Retroviral Vectors, and Infections. The 12S 
E1A cDNA and 12S E1A deletion or point mutants (31, 32) 
were subcloned into pLPC (10) or pWZLHygro (unpublished 
data; J. P. Morgenstern, M. J. Zoller, and J. S. Brugge, Ariad 
Pharmaceuticals, Cambridge, MA). pLPC-12S coexpresses an 
E1A 12S cDNA with puromycin phosphotransferase (puro) 
and pWZL-12S coexpresses E1A with hygromycin phospho- 
transferase (hygro). The E1A mutant constructs used in this 
study were as follows: pLPC 12S.AN, pLPC 12S.ACR1, pLPC 
12S.ACR2, pLPC 12S.pm47/124, pWZL 12S.AN, pWZL 
12S.ACR1, and pWZL 12S.ACR2. 

Ecotropic retroviruses were produced using the Phoenix 
packaging line (provided by G. Nolan, Stanford University) 
according to a previously described procedure (10). Cells were 
placed into medium containing 2.5 jig/ml puromycin (Sigma) 
or 100 /ig/ml hygromycin B (Boehringer Mannheim) to elim- 
inate uninfected cells. When two separate E1A mutants were 
coexpressed, they were introduced sequentially, the first using 
LPC and the second using WZLHygro, with drug selection for 
2-3 days after each infection. 

Cell Viability. Cells (1 X 105) were plated into 12-well plates 
24 h before treatment. Twenty-four hours following treatment 
with adriamycin, or 48 h after serum withdrawal, adherent and 
nonadherent cells were pooled and analyzed for viability by 
trypan blue exclusion. At least 200 cells were counted for each 
point. Null mutant fibroblasts were compared with cells de- 
rived from wild-type littermate controls. 

Protein Expression. Proteins were extracted in Nonidet P-40 
lysis buffer [150 mM NaCl/1% Nonidet P-40/50 mM Tris-HCl, 
pH 7.5/1 mM phenylmethylsulfonyl fluoride/1 mM EDTA/2 
/xg/ml CLAP (chymostatin, leupeptin, antipain, and pepsta- 
tin)] for 1 h on ice with frequent vortex mixing. Lysates were 
normalized by Bradford method (Bio-Rad), and 20 pg (for 
p53) or 10 pig (for E1A) of total protein was loaded in each 
lane. After electrophoresis, proteins were transferred to Im- 
mobilon-P membranes (Millipore) using standard "wet" trans- 
fer procedures. El A was detected using either the M58 or M73 
(1:100 dilution) mAbs (33), the latter recognizes an epitope 
retained in all E1A mutants studied (34). The CM1 and CM5 
polyclonal antibodies were used (1:1,000) to detect human and 
mouse p53, respectively (Novocastra, Newcastle, U.K.). Pro- 
teins were visualized by ECL (Amersham), and equal sample 
loading was confirmed by India Ink. 

RESULTS 

To determine how E1A promotes chemosensitivity, we began 
a structure-function analysis to identify the regions of E1A 
required for this effect. A series of recombinant retrovirus 
vectors coexpressing various E1A mutants (Fig. IA) with 
either puro or hygro were constructed. Earlier studies demon- 
strated that the 243-amino acid protein encoded by the E1A 
12S cDNA was sufficient for apoptosis and chemosensitivity 
(7, 22); hence, all mutants were derived from an E1A 12S 
cDNA (31, 32). These mutants were chosen because they are 
compromised in their ability to physically associate with either 
the p300/CBP (AN and ACR1) or RB/pl07/pl30 (pm47/124 
and ACR2) family of cellular proteins (Fig. IA) (31). 

High-titer ecotropic retroviruses were generated using a 
transient retrovirus packaging system (35). Virus supernatants 
were used to infect either normal diploid IMR90 human lung 
fibroblasts or primary MEFs, and pure populations of E1A- 
expressing cells were isolated by brief selection in the presence 
of puromycin or hygromycin B. AU E1A mutant proteins were 
efficiently expressed (Fig. IB). Using this approach, we were 
able to stably express E1A in primary cell populations in the 
absence of additional adenoviral proteins—i.e., in a genetically 
normal background. 

Multiple E1A Regions Are Required for Apoptosis and 
Chemosensitivity. Full-length E1A rendered both human and 
mouse fibroblasts sensitive to the induction of apoptosis by a 
variety of agents (Fig. 2; data not shown). As expected, mouse 
cells expressing El A lost viability in a dose-dependent manner 
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FIG. 1. Structure and expression of E1A mutants. (A) The E1A 
243R contains two conserved regions (CR1 and CR2, white boxes). In 
the E1A mutants, deletions are indicated by gaps, and point mutations 
by an "x." AN, ACR1, and ACR2 are deletions of amino acids 2-36, 
68-85, and 120-140, respectively. pm47/124 mutant has a tyrosine to 
histidine and cysteine to glycine changes at amino acids 47 and 124, 
respectively. Cellular proteins able to interact with each El A mutant 
in coimmunoprecipitations are indicated (31). (B) E1A was intro- 
duced into IMR90 cells using LPC-based retroviral vectors. After 
selection in puromycin, E1A levels were determined by Western blot 
analysis. E1A is highly phosphorylated and undergoes posttransla- 
tional modification, which accounts for variable migration in SDS gels 
(33). Note that the AN mutant was able to coimmunoprecipitate 
similar levels of RB as wild-type E1A (data not shown). Infection 
efficiencies were >50% before selection and >95% of the cells in the 
selected cells expressed E1A as determined by immunofluorescence 
(data not shown). Each E1A mutant localized to the nucleus (data not 
shown). 
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following adriamycin treatment or serum withdrawal (Fig. 2 B 
and C). Under these conditions cell death is largely p53- 
dependent, because p53-deficient MEFs expressing E1A re- 
mained viable (data not shown; see also refs. 1 and 7). Human 
cells also lost viability following adriamycin treatment (Fig. 
2A), but not after serum withdrawal (data not shown). In both 
cell types, the dying cells displayed features of apoptosis (1,7). 
Fibroblasts infected with an empty vector did not undergo 
apoptosis after either treatment (Fig. 2). 

All of the E1A mutants were defective in promoting che- 
mosensitivity in both human and mouse fibroblasts (Fig. 2). 
IMR90 cells expressing AN, pm24/147, or ACR2 were com- 
pletely insensitive to adriamycin treatment (Fig. 2A). Al- 
though IMR90 cells expressing the ACR1 mutant lost viability 
in a dose-dependent manner, cell death was substantially 
reduced compared with full-length El A (35% vs. 11% viable 
at 0.5 jug/ml, respectively) (Fig. 2Ä). Like IMR90 cells, MEFs 
expressing AN or ACR1 remained completely or partially 
insensitive to adriamycin treatment, respectively (Fig. IB). By 
contrast, MEFs expressing either the pm47/124 or ACR2 
mutants displayed modest levels of cell death, but only at the 
higher doses (Fig. 2B). MEFs expressing each E1A mutant 
were also defective in apoptosis following serum withdrawal, 
a treatment not known to produce cellular damage (Fig. 2C). 
The behavior of each E1A mutant was independent of the 
apoptotic stimulus, because similar results were obtained 
following treatment of human and mouse cells with etoposide, 
cisplatin, 5-fluorouracil, or -y-radiation (data not shown). 
Therefore, multiple regions of E1A are required for apoptosis 
following treatment with diverse agents. 

Functionally Distinct Regions of E1A Cooperate to Confer 
Chemosensitivity. Each E1A mutant defective in apoptosis is 
also impaired for binding either the p300/CBP or RB-related 
proteins (see Fig. 1) (31), raising the possibility that these 
processes are related. However, the observations are correla- 
tive, and it is also possible that these mutations affect one or 
more unknown E1A activities. To establish whether multiple 
E1A functions contribute to apoptosis, combinations of E1A 
mutants were expressed in a trans complementation assay. If 
two E1A mutants were defective because they lacked the same 
function(s), they would be unable to function in trans to confer 
chemosensitivity. Conversely, if two mutants were defective 
owing to loss of separate functions, then coexpressing these 
mutants might restore chemosensitivity. Therefore, E1A mu- 

tants were introduced sequentially into IMR90s and MEFs 
using retroviruses coexpressing different selectable markers 
(puro and hygro). 

In both human and mouse fibroblasts, E1A mutants that 
bound different classes of cellular proteins acted in trans to 
restore chemosensitivity, whereas those that bound the same 
class did not (Fig. 3). For example, although cells expressing 
either the AN or ACR2 mutant alone were insensitive to 
adriamycin-induced apoptosis, the levels of apoptosis in cells 
coexpressing these mutants approached those observed in cells 
expressing full-length E1A (Fig. 3 A and B). Similar results 
were observed when cells were treated with other anticancer 
agents or following serum withdrawal (data not shown). 
Likewise, cells coexpressing the ACR1 and ACR2 mutants 
were as sensitive to adriamycin-induced apoptosis as cells 
expressing full-length E1A (Fig. 3 C and D). No increase in 
chemosensitivity was observed when cells were infected se- 
quentially with the same E1A mutant (e.g., AN or ACR1) 
compared with cells infected only once (data not shown). This 
finding indicates that the cooperativity between AN or ACR1 
with ACR2 did not result from increased gene dosage, but 
rather was due to synergy between separate E1A functions. 
Thus, multiple E1A activities contribute to chemosensitivity. 

In contrast, the AN and ACR1 mutants failed to restore 
chemosensitivity when expressed in trans: cells coexpressing 
AN and ACR1 behaved identically to cells expressing the 
partially defective ACR1 mutant alone (Fig. 3 E and F). As 
discussed above, both AN and ACR1 restored chemosensitivity 
when coexpressed with ACR2, implying that the AN and ACR1 
mutations did not produce global aberrations in El A structure, 
but rather, disrupted the same function(s). The fact that two 
E1A mutants that fail to bind p300/CBP (see Fig. 1) (31) are 
defective for apoptosis because they affect overlapping func- 
tions suggests that binding of one or more of these proteins is 
required for chemosensitivity. 

Role of CR2 in Chemosensitivity. CR2 is required for the 
physical association between El A and the RB-related proteins 
(14). In principle, CR2 could contribute to chemosensitivity by 
inactivating one or more of these proteins or by affecting some 
other cellular activity. If CR2 promotes chemosensitivity by 
inactivating a single RB-related protein, then the ACR2 mu- 
tant should behave like full-length E1A in cells lacking this 
crucial target. Because all of the Äß-related genes have been 
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FIG. 2. Multiple regions of El A are required for chemosensitivity. Primary mouse (MEF) (A and C) or human (IMR90) (B) fibroblasts were 
infected with an empty vector (vector, O), vectors expressing full-length E1A (•), or the following mutants: AN (•), ACR1 (D), ACR2 (A), and 
pm47/pml24 (A). Infected populations were plated in multiwell dishes and treated with the indicated concentrations of adriamycin (A and E) or 
serum (C). Cell viability was determined 24 h following adriamycin treatment or 48 h after serum withdrawal. Previous studies demonstrated that 
cell death under these conditions results from apoptosis (1, 7), and this was confirmed by visualizing chromatin condensation using 
4',6-diamidino-2-phenylindole (data not shown). Each value represents the mean ± SD from at least three separate experiments. 
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FIG. 3. Separate E1A functions cooperate to confer chemosensi- 
tivity. IMR90 or MEF cell populations expressing E1A (•), AN (•), 
ACR1 (•), ACR2 (A), AN and ACR2 (O in^ andß), ACR1 and ACR2 
(O in C and D), or AN and ACR1 (O in E and F) were generated by 
retroviral infection. Multiple E1A mutants were introduced sequen- 
tially as described in Materials and Methods. Cell populations were 
treated with adriamycin and viability was determined 24 h later by 
trypan blue exclusion. Each value represents the mean ± SD of the 
data from at least three separate experiments. 

disrupted in mice and all are expressed in MEFs (28-30, 36), 
this hypothesis could be tested definitively. 

E1A and the ACR2 mutant were introduced into wild-type, 
RB^'~,pl07~/~, or pl30~'~ MEFs, and the resulting popula- 
tions were treated with apoptosis-inducing stimuli (Fig. 4). 
Adriamycin treatment induced similar levels of apoptosis in 
cells expressing full-length El A, irrespective of their genotype. 
Thus, as expected, loss of the RB-related proteins does not 
impair apoptosis. Furthermore, MEFs infected with the empty 
vector were insensitive to adriamycin treatment, demonstrat- 
ing that loss of either RB, pl07, or pl30 was not sufficient to 
produce chemosensitivity (data not shown). 

Concordant with previous results, wild-type MEFs express- 
ing ACR2 are relatively insensitive to adriamycin treatment 
(Fig. 4 Upper Left). Likewise, pl07~'~ and pl30~!~ cells 
expressing ACR2 remained insensitive to adriamycin treat- 
ment. By contrast, RB~'~ cells expressing ACR2 (Fig. 4) or 
pm47/124 (data not shown) were as sensitive to adriamycin- 
induced apoptosis as cells expressing full-length E1A. This 
synergy was specific for ACR2 and pm47/124, because the AN 
mutant remained defective in all cell types (Fig. 4 Lower). 
Thus, inactivation of RB—but not pl07 or pl30—is the critical 
function of CR2 important for apoptosis. Furthermore, E1A 
mutants unable to bind RB are defective in normal cells but 
promote apoptosis in cells with mutant RB genes. 
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FIG. 4. Inactivation of RB by CR2 is required for chemosensitivity. 
Wild-type, RBH~,pl07~H, andp230_/_ MEFs expressing either E1A 
(•), ACR2 (O, Upper), or AN (O, Lower) were generated by retroviral 
infection. El A and E1A mutants were expressed at similar ievels (data 
not shown). Cell viability was determined 24 h after adriamycin 
treatment. Each point represents the mean ± SD from at least three 
separate experiments. 

p53 Accumulation and Chemosensitivity Involve the Same 
E1A Functions. Cells expressing E1A accumulate p53 protein 
due, in part, to increased p53 stability (22). To determine 
whether p53 accumulation and chemosensitivity involve the 
same El A functions, we examined the ability of each El A 
mutant to induce p53. Cells expressing full-length E1A dis- 
played a 20- to 30-fold increase in steady-state p53 protein 
levels (Fig. 5,4). The AN and ACR2 mutants produced only a 
slight increase in p53 levels in IMR90 cells, and no increase in 
MEFs. However, coexpression of both mutants induced p53 to 
levels observed in cells expressing full-length E1A (Fig. 54). 
Remarkably, ACR2 induced p53 when expressed in RB~'~ 
MEFs (30-fold increase), but not inpl07-'- orpl30~'- MEFs 
(Fig. 5ß). RB~!~ cells infected with the empty vector displayed 
no increase in p53 levels (data not shown). Thus, the same E1A 
functions that promote apoptosis and chemosensitivity also 
induce p53. 

DISCUSSION 

Despite the widespread use of cytotoxic agents to treat cancer, 
molecular factors that influence tumor-cell chemosensitivity 
remain largely unknown. The E1A oncoprotein displays a 
remarkable ability to enhance chemosensitivity, and acts to 
promote drug-induced apoptosis (1, 7, 37). In this study, we 
demonstrate that at least two independent E1A functions act 
in concert to promote apoptosis and chemosensitivity, and that 
one function involves inactivation of the retinoblastoma gene 
product. Of note, the regions of E1A that promote apoptosis 
are similar, if not identical, to those previously shown to 
facilitate oncogenic transformation (13, 14). Consequently, 
our results underscore the association between factors that 
influence tumorigenesis and tumor-cell chemosensitivity. 

In the context of adenovirus infection, the E1A regions 
involved in binding the p300/CBP and RB-related proteins 
have been associated with apoptosis. However, depending on 
the setting, only the p300/CBP binding region, either the 
p300/CBP or RB-related protein binding region, or both 
regions were required (38-40); hence, the results are contra- 
dictory. Moreover, in one study, p53 accumulation did not 
correlate with apoptosis (39). Another study examined the 



;*    s 12098     Medical Sciences: Samuelson and Lowe Proc. Natl. Acad. Sei. USA 94 (1997) 

O 

±   <o    w   $   w 

—* mm «+p53 

u) 
5 p53 

B ^  4V 4v # 4> 
v    /  er   er   <?   & 

LU 

«__ _ 

p53 

Wild-type    Rb-/-107-/-130-/- 

FIG. 5. E1A and p53 accumulation. (,4) p53 expression in popu- 
lations of IMR9ÜS or MEFs expressing the empty vector (V), full- 
length EIA, AN, ACR2, or coexpressing AN and ACR2 was examined 
by immunoblotting using polyclonal antibodies specific for human or 
mouse p53, respectively. (B) p53 expression in wild-type, RB~'~, 
pl07~'~, or p750~/- MEF populations expressing the indicated El A 
proteins. No increase in p53 was observed in RB~'~, pl07~l~, or 
pBO-'- MEFs without E1A, and E1A induced p53 in MEFs of all 
three genotypes (data not shown.) 

relationship between E1A and chemosensitivity in a tumori- 
genic cell line. Here, the regions of E1A capable of conferring 
chemosensitivity varied with the agent tested (41). However, 
even full-length E1A did not substantially enhance apoptosis 
in these cells, and no correlation between p53 accumulation 
and chemosensitivity was observed. Furthermore, this study 
did not support an absolute requirement for RB inactivation 
for chemosensitivity. All previous studies have been correla- 
tive: none provides direct evidence that the cellular proteins 
targeted by E1A participate in apoptosis. 

The studies described above examined E1A in immortal or 
tumor-derived lines, often in the context of adenovirus infec- 
tion. However, E1A is a transforming oncogene that itself 
facilitates immortalization (9); hence, immortal or tumor- 
derived cells may already have alterations in processes affected 
by E1A. This may explain why the RB-binding domain of El A 
was dispensable for apoptosis in HeLa cells (38, 39)—these 
tumor cells express papillomavirus E7, an oncoprotein that 
inactivates RB. Likewise, adenovirus contains several genes 
that affect apoptosis in addition to EIA (6, 42) and can induce 
apoptosis in the absence of EIA (39). In this study, retrovirus- 
mediated gene transfer was used to introduce EIA into whole 
populations of primary cells, allowing EIA to be studied in the 
absence of other adenoyiral genes and unknown host-cell 
mutations. 

All EIA mutants tested showed marked reduction in apo- 
ptotic potential in both primary human and mouse fibroblasts, 

and the requirement for each EIA region was independent of 
the apoptotic stimulus. These regions correlated precisely with 
the ability of EIA to associate with the p300/CBP or RB- 
related proteins. Coexpression of EIA mutants binding sepa- 
rate classes of cellular proteins functioned in trans to confer 
chemosensitivity, whereas coexpression of mutants binding the 
same cellular proteins did not. Thus, this study genetically 
defines at least two EIA functions that act in concert to 
promote apoptosis and chemosensitivity. 

As has been observed during adenovirus-induced apoptosis 
(38-40), our results provide genetic evidence that ElA's 
interaction with the p300/CBP proteins is critical for chemo- 
sensitivity. Here, we used a genetic complementation test to 
demonstrate that two spatially separate EIA mutations, both 
known to disrupt p300/CBP binding (AN and ACR1), affect 
the same EIA function(s) involved in chemosensitivity. 
Whereas ACR1 is unable to associate with p300/CBP in 
immunoprecipitations, it retains some capacity to affect p300/ 
CBP functions in cells (32, 43). By contrast, the AN mutant is 
completely defective in p300/CBP interaction using both 
immunoprecipitations and functional assays. Perhaps this ex- 
plains why the AN and ACR1 mutants displayed a complete 
and partial defect in apoptosis, respectively (see Fig. 3). p300 
and CBP are both transcriptional coactivators and histone 
acetyltransferases (ref. 44; reviewed in ref. 45), and EIA 
binding to p300 produces global changes in transcription 
(reviewed in ref. 16). Recent studies suggest that p300 and CBP 
physically associate with p53 and contribute to p53's transcrip- 
tional activity, raising the possibility that EIA binding to p300 
modulates p53 function to promote apoptosis (46-48). Alter- 
natively, the critical target may not be p300/CBP itself, but 
another molecule displaced or altered by the ElA-p300/CBP 
interaction. 

In addition to the apparent p300/CBP binding activity, a 
second EIA function is required for apoptosis and chemosen- 
sitivity. Using primary fibroblasts derived from RB~'~, 
pl07~l~, or pl30~'~ mice, we conclusively demonstrate that 
this function involves inactivation of RB, but not pl07 or pl30. 
Interestingly, inactivating mutations in the RB gene occur in 
many human cancers; by contrast, mutations in pl07 or pl30 
have not been observed (18). The fact that EIA promotes 
chemosensitivity by inactivating a tumor suppressor under- 
scores the utility of viral oncogenes to identify processes 
relevant to human cancer. Furthermore, the critical role of RB 
inactivation for apoptosis reiterates the fundamental relation- 
ship between tumorigenesis and chemosensitivity. 

How RB inactivation contributes to apoptosis and chemo- 
sensitivity remains to be determined. ilS-deficient mice display 
elevated apoptosis in the embryonic lens, fetal liver, and the 
developing nervous system, implying RB inactivation alone can 
promote apoptosis in some settings (49, 50). Furthermore, 
overexpression of RB in HeLa cells can suppress cell death 
(51). The interaction between EIA and RB releases E2F 
transcription factors; similarly, overexpression of E2F-1 over- 
comes RB binding and induces apoptosis in a p53-dependent 
manner (52). This finding suggests that one or more E2Fs 
might mediate this aspect of El A function. However, E2F-1 ~'~ 
MEFs expressing EIA display no defects in apoptosis (L. 
Yamasaki, A.V.S., and S.W.L., unpublished data), indicating 
that E2F-1 is dispensable for this effect. 

We have previously shown that p53 protein accumulates in 
cells expressing EIA, which correlates with the involvement of 
p53 in apoptosis (22, 23). Here we demonstrate that the same 
EIA functions that promote apoptosis and chemosensitivity 
also induce p53 (see also ref. 38). These regions are also 
required for ElA's transforming activities (13, 14), implying 
that p53 accumulation, chemosensitivity, and oncogenic po- 
tential arise from the same EIA functions. This suggests that 
p53 accumulation is a cellular response to oncogenic "stress" 
rather than a direct effect of El A on p53. Interestingly, extracts 
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from ElA-expressing cells possess a discrete factor that re- 
produces some of the pro-apoptotic activities of E1A in 
cell-free systems (27). The nature of this factor may shed light 
on the links between p53, chemosensitivity, and cell-cycle 
control. 

The RB gene is mutated in many human cancers, and the RB 
pathway is disrupted in the vast majority of cancer cells 
(reviewed in ref. 18). Our results suggest a strategy to specif- 
ically kill cancer cells with defective RB function. In normal 
cells, at least two processes affected by E1A are necessary to 
promote chemosensitivity—RB inactivation and apparently 
disruption of some p300/CBP function. The RB-inactivating 
function of E1A is dispensable for chemosensitivity in RB- 
deficient cells, consequently such El A mutants, or small 
molecules that mimic their action, might synergize with stan- 
dard chemotherapeutic agents to specifically induce apoptosis 
in RB mutant tumor cells. Although p53 potentiates apoptosis 
under the conditions used in this study, E1A can promote 
chemosensitivity in p53-deficient cells (refs. 1 and 7, and 
unpublished results). Consequently, this therapeutic approach 
may not strictly depend on the presence of wild-type p53. 
Experiments to test this strategy are underway. 
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